ABSTRACT The brachypterous grasshopper Podisma sapporensis Shiraki (Orthoptera: Acrididae) consists of two major chromosomal races with different sex chromosome systems. In the X0/XX race, the diploid number of chromosomes is 2n ϭ 23 (X0) in males and 2n ϭ 24 (XX) in females. In the XY/XX race, the diploid number is 2n ϭ 22 (XY) in males and 2n ϭ 22 (XX) in females, owing to Robertsonian fusion between an autosome and the X chromosome. The X0/XX and XY/XX races are allopatrically distributed, and each race contains geographical populations characterized by different chromosomal inversions. A previous hypothesis suggested that the XY/XX race was derived from the X0/XX race. To test this hypothesis, we examined mitochondrial DNA (mtDNA) sequence variation in two regions (cytochrome oxidase subunit II and 16S ribosomal DNA) among 29 P. sapporensis individuals representing Þve X0/XX and 12 XY/XX populations. The maximum parsimony tree of mtDNA indicated that neither of the two chromosomal races was monophyletic. Northern populations of XY/XX race did not join a clade consisting of more southern XY/XX populations but were included in a clade consisting of X0/XX populations. On the basis of these results, we propose two hypotheses for the differentiation between the northern and southern XY/XX populations. First, the XY/XX karyotype may have occurred more than once. Second, introgression of mtDNA may have occurred across adjacent populations possessing different karyotypes.
gression Chromosomal rearrangements are of particular interest in the evolutionary biology of animals because they may hamper hybridization between populations possessing different karyotypes and consequently promote speciation (White 1973 , Sites and Moritz 1987 , Nachman et al. 1994 . In general, if chromosome rearrangements reduce the viability of chromosomal hybrids, the mutant chromosomes would be deleted from a population. However, they would be retained in a population if new alleles produced by the rearrangements conferred adaptive effects.
In the brachypterous grasshopper Podisma sapporensis Shiraki (Orthoptera: Acrididae), two major races differing in sex chromosome system have been found. One possesses 22 autosomes and one X chromosome in males, and 22 autosomes and a pair of X chromosomes in females (X0/XX race). The other has 20 autosomes and neo-X and Y chromosomes in males, and 20 autosomes and a pair of neo-X chromosomes in females (XY/XX race), owing to Robertsonian (Rb) fusion between an autosome and the X chromosome (Bugrov et al. 2000) . According to studies of Rb fusion in other species of Orthoptera (Morgan-Richards 2000) , the XY/XX system due to Rb fusion is most likely to have originated from the X0/XX system, whereas Þssion of the Rb karyotype into X0/XX is not likely to have occurred (but see Imai et al. 2002) . The XY/XX system in P. sapporensis is most likely to have arisen as a result of Rb fusion between the X chromosome and the M 5 autosome (Bugrov et al. 2001) . The distribution of the XY/XX race is restricted to eastern Hokkaido and the X0/XX race is distributed in western and northern Hokkaido. So far, geographical overlap of the X0/XX and XY/XX populations has not been detected (Bugrov et al. 2000 (Bugrov et al. , 2001 ).
The X0/XX and XY/XX races of P. sapporensis are each divided into chromosomal subraces on the basis of variation in pericentric inversions (Bugrov et al. 2001 ; Fig. 1 ). In the X0/XX race, three subraces probably derived from the standard X0/XX have been found: Daisengen, Yotei, and Naganuma. The standard X0/XX karyotype has only one pair of acrocentric bivalents, whereas karyotypes of these three X0/XX subraces include more than one pair of submetacentric bivalents. Likewise, the XY/XX Tanno-Oketo subrace occurs in the XY/XX race. The XY/XX Tanno-Oketo karyotype possesses acrocentric and submetacentric autosomes and a metacentric X chromosome, whereas the standard XY/XX has acrocentric autosomes and metacentric X chromosome (Bugrov et al. 2001) . Our primary interest here was to determine whether the XY/XX system had a single (monophyletic) or multiple (polyphyletic) orgin. Mitochondrial DNA (mtDNA) is a highly informative genetic marker showing extensive sequence polymorphisms within animal species (Avise 1991) . It is obvious that mtDNA sequences have varied independently of chromosomal rearrangement events (Thanou et al. 2005) . Therefore, provided that mtDNA polymorphism represents the phylogenetic history of populations of P. sapporensis, mtDNA would be useful for assessing the origin of the XY/XX race of P. sapporensis. We aimed to examine the mtDNA phylogeny within P. sapporensis and to discuss the origin of the XY/XX race on the basis of the observed genealogical evidence from mtDNA.
Materials and Methods
Sample Collection and DNA Experiments. In 2000, 29 mature male grasshoppers were collected from a total of 17 populations, including the X0/XX and XY/XX chromosomal races (Fig. 1) . The number of individuals examined per population varied from one to three (Table 1) . Before the molecular analysis, the karyotypes of all the specimens were determined by the air-drying method (Bugrov et al. 2001) , and the results of cytogenetic analysis were summarized in Bugrov et al. (2001) . The Yotei (YOT) and Naganuma (NAG) populations each had an X0/XX karyotype distinguished from the standard X0/XX by the position of the autosomal centromere and by the C-banding pattern (XY/XX-Yotei and XY/XX-Naganuma chromosomal subraces). The Tanno (TAN) population had a unique XY/XX karyotype distinguished from the standard XY/XX in having a characteristic inversion (XY/XX Tanno-Oketo subrace). All the samples for mtDNA analysis were preserved in 100% ethanol until DNA extraction.
Total DNA was extracted from the muscle of the hind legs by using a DNeasy tissue kit (#69504, QIA-GEN, Valencia, CA). Two mitochondrial genes, those for cytochrome oxidase subunit II (COII) and 16S ribosomal DNA (16SrDNA), were partly analyzed.
Primers for ampliÞcation were CO2a (5Ј-GGT CAA ACA ATT GAG TCT ATT TGA AC-3Ј), CO2e (5Ј-CCA CAA ATT TCT GAA CAT TGA CCA-3Ј), 16sar (5Ј-CGC CTG TTT AAC AAA AAC AT-3Ј), and 16sbr (5Ј-CCG GTC TGA ACT CAG ATC ACG T-3Ј) (Chapco et al. 1999) .
Each ampliÞcation was performed in a 50-l volume containing 1.25 U of AmpliTaq Gold DNA polymerase with Mg 2ϩ -free 1ϫ polymerase chain reaction (PCR) Gold Buffer (Applied Biosystems, Foster City, CA), 1.25 mM MgCl 2 (Applied Biosystems), 50 M each dNTP (Applied Biosystems), 5 M each primer, and 2 l of genomic DNA solution. AmpliÞcations were performed in a GeneAmp PCR system 9700 (Applied Biosystems). AmpliÞcation conditions were as follows: an initial denaturation of 95ЊC for 5 min followed by 10 cycles of 95ЊC for 15 s, 45ЊC for 30 s, and 68ЊC for 50 s. For the Þnal 25 cycles, cycling was identical to the Þrst 10 cycles except that the annealing temperature was raised to 50ЊC, and an additional 10 s was added to the primer extension step each cycle . PCR products were resolved by electrophoresis in 1% agarose gel. The PCR product was puriÞed by using a QIAquick PCR puriÞcation kit (#28104, QIAGEN) and directly sequenced by using a BigDye Terminator version 3.1 cycle sequencing kit (Applied Biosystems) and an ABI Prism 377 DNA automated sequencer (Applied Biosystems).
Analysis. Sequences were aligned using CLUSTAL X (http://www-igbmc.u-strasbg.fr/BioInfo/ClustalX/ Top.html). For each race (X0/XX and XY/XX), the average number of pairwise differences, (Nei and Li 1979) , was calculated using DnaSP (Rozas et al. 2003) . Phylogenetic relationships among mitochondrial sequences were estimated using the maximum parsimony (MP) method, which was conducted in the software package PAUP, version 4.0b8 (Swofford 2001) . For the phylogenetic analyses, sequences of the two mitochondrial regions were treated as a combined unit , Amédégnato et al. 2003 . The combined data set was subjected to the parsimony analyses successively reweighted by using the rescaled consistency index (Farris 1969) . Reweighting and recomputation of MP trees were performed until identical trees were obtained (15 times in the current study). The MP tree was found by heuristic search, adding taxa randomly with 100 replications and one tree held at each step, by using MULPARS option and branch swapping by the tree bisection-reconnection algorithm. Degrees of conÞ-dence underlying recovered associations were estimated by the bootstrap procedure by using 1,000 replicates.
Results
Sequence data were deposited in DDBJ/GenBank/ EMBL under accession numbers AB213319 Ð AB213347 for the COII gene and AB213348 ÐAB213376 for 16SrDNA. The total sequence length obtained was 888 bases, consisting of 382 bases from COII and 506 bases from the 16SrDNA. The sequence length was identical among individuals. Among the 29 individuals examined, there were 30 polymorphic nucleotide sites providing 17 haplotypes ( Table 2 ). The unrooted MP tree is shown in Fig. 2 .
Most of the specimens possessing the standard XY/XX (AK1, AK2, ASH, ETO, SE1, SE2, SHA, TE1, and TE2 populations) formed a monophyletic group supported by a bootstrap probability of 92%. The members of this clade were collected in the southern part of the distribution range of the XY/XX chromosomal race (Fig. 1) . This clade did not include two standard-XY/XX specimens collected from the Kimpachi (KIM) population at the northern edge of the standard-XY/XX range. One specimen possessing the XY/XX Tanno-Oketo karyotype (TAN population) also did not join the major clade of the standard XY/XX karyotype. Thus, the XY/XX type as a whole did not form a monophyletic group in mtDNA.
The standard X0/XX populations (BIF, SHI, and MOS), which were distributed in northern Hokkaido, formed a monophyletic group supported by a bootstrap probability of 57%. The population of the X0/XX Yotei karyotype (YOT population), which was distributed in the southwestern part of Hokkaido, also formed a monophyletic group, although it was not supported by Ͼ50% bootstrap probability. Two of the three samples from the NAG population possessing the X0/XX Naganuma karyotype formed a clade with 63% bootstrap probability, but the remaining sample was not included in this clade.
Overall, individuals collected from identical geographical regions tended to have haplotypes within single monophyletic groups. The nucleotide diversity () in the X0/XX populations ( ϭ 0.012) was 3 times that in the XY/XX populations ( ϭ 0.004).
Discussion
The MP tree demonstrated that 15 specimens sampled from the southern part of the XY/XX distribution range formed a well supported clade, suggesting that the standard XY/XX karyotype in the southern area of this range has a common evolutionary origin. However, this clade did not include the specimens from the TAN and KIM populations, although these two populations harbor the XY/XX sex chromosome system. In particular, because the KIM population possesses the standard XY/XX karyotype (A.G.B. et al., unpublished data) , it is remarkable that the KIM population harbors mtDNA distinct from that of the other standard XY/XX populations.
Thus, our phylogenetic analysis of mtDNA did not support the hypothesis that the XY/XX karyotype as a whole has a single evolutionary origin in P. sapporensis. It is intriguing to consider why the mtDNA haplotypes found in TAN and KIM were distinct from those found in the other XY/XX populations. At least two hypotheses, although they are not very straightforward, can be posed. One explanation is that the XY/XX karyotype has originated multiple times in eastern Hokkaido. Under this hypothesis, mitochondrial differences among P. sapporensis populations reßect the evolutionary history of populations. However, it is not at all convincing that fusion between the X chromosome and the same M 5 autosome often occurs in P. sapporensis. Another possibility is that of introgression of mtDNA. The TAN and KIM populations may each be adjacent to X0/XX populations in northeastern Hokkaido. If these presumed X0/XX populations were to have the mtDNA lineage found in TAN and KIM populations, then mitochondrial gene ßow might occur from the adjacent X0/XX populations into the TAN and KIM populations, and vice versa.
This introgression hypothesis is associated with the question of whether mating between different chromosomal races of P. sapporensis produces viable offspring. Bugrov et al. (2004) observed the development of embryos from parents with different karyotypes under laboratory conditions. In crosses between the standard X0/XX and XY/XX Tanno-Oketo (ÔOKEÕ) populations, nearly all eggs (94.7%) developed into the embryonic stage. In crosses between the standard X0/XX and standard XY/XX and between X0/XX Naganuma and standard XY/XX, the percentage of normal embryos was 58 and 64%, respectively. These Þndings suggest that hybridization between the standard X0/XX and XY/XX Tanno-Oketo karyotypes is possible in the Þeld.
To elucidate whether mtDNA in the two northern XY/XX populations was differentiated from that in the more southern populations of the standard XY/XX range, more mtDNA sequences from individuals of KIM and TAN and their surrounding populations should be compared. If the TAN and KIM populations were each Þxed, with unique mtDNA lineages, then the introgression hypothesis would not be promising. If more mtDNA data obtained from the area were to reveal the coexistence of X0/XX-and XY/XX-associated mtDNA lineage, then the introgression hypothesis would be highlighted.
Finally, it is noteworthy that P. sapporensis individuals collected from the same region tended to have mtDNA haplotypes included in single monophyletic groups. This phylogeographical pattern suggests that the geographical distribution of P. sapporensis in Hokkaido was rather fragmented in the past and has subsequently expanded to the current distribution ranges. If so, the fragmentation of P. sapporensis populations may have facilitated the Þxation of new chromosomal mutations owing to the founder effect, as suggested by Lande (1979) and Nachman et al. (1994) . In particular, this prospect would be most likely with respect to the replacement of X0/XX with XY/XX in the eastern part of Hokkaido, because P. sapporensis populations in that area showed little diversity in mtDNA. More extensive analysis of mtDNA and other molecular polymorphisms would be feasible for inferring the evolutionary dynamics of chromosomal rearrangements and speciation in P. sapporensis.
